Alkyl-substituted acetylenes and diacetylenes with terminal ferrocenyl groups were synthesised starting from ferrocene. The reactivity of the triple bonds in the resulting compounds was used to prepare cobalt-alkyne complexes. Cyclotrimerisation of the monoacetylene resulted in a hexa-substituted benzene derivative with six pending ferrocenyl groups.
Introduction
We had recently used a series of ferrocenyl-capped linear oligomethylene systems Fc-(CH 2 ) n -Fc (1; with n = 4, 8, 14, 18) to form self-assembled highly ordered monolayers on "Highly Ordered Pyrolytic Graphite" (HOPG) [1] . The assemblies were all characterised by structures where the polar organometallic "head groups" were found close to each other and the long oligomethylene chains oriented parallel. It was found that the individual patterns showed a structural dependency of the length of the bridging chain and that they resembled specific planar cuts through the threedimensional structures of these compounds as they were determined by X-ray diffraction. There seemed to be a relationship between the three-dimensional crystal structures and the two-dimensional surface structure of these specific compounds. The systems 1 were either prepared by the straight forward reaction of the α,ω-dibromoalkanes with ferrocenyllithium or by olefin-metathesis routes followed by hydrogenation. The respective mono-unsaturated analogues 2 (Fc-(CH 2 ) x -CH=CH-(CH 2 ) x -Fc) were also investigated with regard to their surface assembly behaviour.
We have now prepared the corresponding mono-and di-acetylene compounds (3, 4) . We used them for the preparation of examples of 1 (hydrogenation) and have begun to investigate their specific surface chemistry. In this account we wish to report on the preparation of these ferrocenyl-capped acetylenes and diacetylenes, show their structural and coordination chemistry properties, and describe the catalytic trimerisation of one 0932-0776 / 09 / 0600-0587 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 1. of these systems (3) to yield the respective hexasubstituted benzene derivative.
Results and Discussion

Synthesis
We prepared the compounds 3 and 4 along the lines depicted in Schemes 1 and 2. Ferrocene was mono-deprotonated by treatment with tert-butyllithium [2] . Subsequent reaction with 1,4-dibromobutane followed by chromatographic work-up gave (4-bromobutyl)ferrocene (7) [3] in 37 % yield. Compound 7 shows a 1 H NMR Cp singlet (5H) at δ = 3.99 (in [D 6 ]benzene) and an AA BB pattern of the η 5 -C 5 H 4 unit (δ = 3.93, 3.88). The signals of the tetramethylene chain are observed at δ = 2.04, 1.38, 1.52, and 2.94 (CH 2 -Br). The bromide 7 was then converted to the terminal acetylene 8 by reacting it with sodium acetylide Fig. 1 . A projection of the molecular geometry of compound 4. Selected bond lengths (Å) and angles (deg): Fe-C Cp 2.036(2) -2.056(1), C9-C10 1.465(2), C10-C11 1.199(2), C11-C12 1.380(2), C12-C13 1.203(2), C13-C14 1.460(2); C9-C10-C11 178.5(2), C10-C11-C12 178.5(2), C11-C12-C13 177.9(2), C12-C13-C14 175.9(2).
in DMF [4] . Compound 8 was isolated from the reaction mixture in > 80 % yield. It is characterised by 13 C NMR signals of the terminal -C≡CH unit at δ = 84.3 and 69.0 ( 1 H: δ = 1.78, t, 4 J = 2.6 Hz). Compound 8 features a weak IR (-C≡C-) stretching band at ν = 2115 cm −1 .
Glaser coupling [5] of 8 (Cu(OAc) 2 / acetonitrile) then gave the diacetylene product 4 in close to quantitative yield (97 % isolated). Compound 4 features 13 C NMR signals of the central -C≡C-C≡C-unit at δ = 77.0 and 66.8. It was further characterised by X-ray diffraction (single crystals were obtained from dichloromethane). The structure of 4 features a linear conjugated diacetylene C 4 core in the centre of the C 12 chain that is connecting the pair of ferrocenyl units (Fig. 1) . In the crystal the molecule attains a conformation that features the ferrocene moieties oriented almost perpendicularly. One of the connecting tetramethylene subunits is oriented in an extended all-antiperiplanar arrangement, whereas the other -(CH 2 ) 4 -building block contains a gauche conformation.
The synthesis of the internal monoacetylene compound 3 starts similary: treatment of lithioferrocene (6) in this case with 1,5-dibromopentane under carefully controlled reaction conditions gave the ω-bromopentylferrocene derivative 9 [6] . It was isolated in ca. 20 % yield after chromatographic separation and purification. Treatment with sodium acetylide gave the terminal acetylene building block 10 that was then coupled with the ω-iodopentylferrocene reagent 11 under basic reaction conditions to yield 3 (52 %). The coupling component 11, in turn, was prepared from 9 by Finkelstein halide exchange [7] (Scheme 2). Compound 3 was obtained as an orange solid. It features a 1 H NMR ferrocene singlet of 10 H relative intensity at 
Cobalt complexes
We have prepared the (acetylene)cobalt carbonyl complexes from the ferrocenyl-capped long-chain acetylenes 3 and 4. Treatment of 3 with dicobaltoctacarbonyl [8] (1.5 equiv.) in ether (overnight at r. t.) Single crystals of 12 suitable for the X-ray crystal structure analysis were obtained from a saturated pentane solution. In the crystal we see the central pseudotetragonal arrangement of the C 2 Co 2 unit with each cobalt atom featuring a pseudo-octahedral coordination geometry (Fig. 2) . Again, the connecting pair of pentamethylene chains shows slightly different conformational characteristics: one moiety is close to an allantiperiplanar orientation whereas the other features a gauche conformation.
We prepared the cobalt carbonyl complex 13 of the bis-ferrocenyl-diacetylene ligand by treatment of 4 with Co 2 (CO) 8 in a similar way. The hexa-metallic (Co 4 Fe 2 ) complex was obtained as a dark brown solid in 67 % yield (Scheme 3). The 13 C NMR spectrum of complex 13 exhibits a single carbonyl resonance at δ = 199.7 and the signals of the central -C 4 -unit at δ = 106.7 and 91.9.
Single crystals of complex 13 were obtained from dichloromethane. The X-ray crystal structure analysis shows a -C 2 [Co 2 (CO) 6 ]-C 2 [Co 2 (CO 6 )]-core. The C 2 [Co 2 (CO) 6 ] subunits are symmetry-equivalent in the crystal. They are arranged anti to each other (Fig. 3) . Both of the connecting tetramethylene linkers feature conformational arrangements that include gauche orientations. The ferrocenyl units are also arranged antioriented relative to each other.
Catalytic acetylene trimerization
Astruc et al. had previously prepared a hexa-[-(CH 2 ) 5 -Fc]-substituted benzene by coupling Fc-(CH 2 ) 4 -I with CpFe + -activated hexamethylbenzene under basic conditions followed by a photochemical de-metallation reaction to remove the product 14 from iron [9] . Having the bis-pentamethylene-ferrocenylsubstituted acetylene system 3 at hand it was tempting to prepare the interesting compound 14 by a simple catalytic alkyne trimerisation reaction. This proved to be successful.
For the cyclotrimerisation of 3 we adapted a procedure by H. Jiang et al. using a CuCl 2 /PdCl 2 catalyst [10] . Treatment of the mixture for 4 h at 60 • C in a benzene / n-butanol mixture gave the hexa-substituted benzene derivative 14 as a yellow solid in 37 % yield (Scheme 4). Complex 14 features the typical 1 H NMR signals of the six peripheral symmetry-equivalent fer- rocenyl substituents at δ = 4.03 (s, 30H) and 4.02/3.99 (broad, 24H). The 13 C NMR resonance of the central aromatic C 6 ring occurs at δ = 137.0.
Single crystals of compound 14 suitable for the X-ray crystal structure analysis were obtained from pentane/dichloromethane. In the crystal, two halves of the central benzene core are symmetry-equivalent. Two of the pending ferrocenyl groups are oriented above respectively below the benzene plane. The pentamethylene linkers of these units are in an all-antiperiplanar configuration. The other four ferrocene units are close to the plane of the central benzene core, and their alkyl linkers feature gauche conformations (Fig. 4) .
Experimental Section
All reactions with air-and moisture-sensitive compounds were carried out under dry argon (Argon 5.0; Westfalen) in Schlenk-type glassware. Tetrahydrofuran, diethyl ether, dichloromethane, pentane, and toluene were dried using a Grubbs-type system [11] , with activated alumina (basic) or molecular sieves as drying agents. N,NDimethylformamide was refluxed over P 2 instrument. IR spectra were recorded for solids in pure form on an ATR unit using a Varian 3100 FT-IR (Excalibur Series) spectrometer. For the determination of melting points a DSC Q 20 and a DSC 2910 CE (both of TA Instruments) were employed. Mass spectra were obtained using a MAT8200 (Thermo-Finnigan-MAT) for ESI spectra or a LAZARUS IIIDE (Institute of Organic Chemistry, Münster) for MALDI measurements. Elemental analyses were performed using a CHNO-Rapid (Foss-Heraeus). Lithioferrocene (6) was prepared as reported in the literature [2] .
(4-Bromobutyl)ferrocene (7) [12] A suspension of 2.60 g (13.7 mmol, 1.5 eq.) lithioferrocene in thf (20 mL) and toluene (10 mL) was cooled to −78 • C. 1,4-Dibromobutane (1.10 mL, 1.97 g, 9.12 mmol) was added dropwise. The mixture was stirred for 12 h while warming to r. t. The reaction mixture was poured into water (100 mL), and the aqueous layer was extracted three times with toluene (20 mL). After drying over MgSO 4 the crude product was purified by column chromatography (pentane / toluene, 95 / 5 → 90 / 10). Compound 7 was obtained as an orange oil (1.07 g, 37 %). (5-Bromopentyl)ferrocene (9) [13] At 0 • C a 1.6 M solution of tert-butyllithium in pentane (13.0 mL, 21.0 mmol, 1.1 eq.) was slowly added to a solution of ferrocene (3.50 g, 18.8 mmol, 1 eq.) in 50 mL thf. After 1 h the reaction mixture was cooled to −78 • C. A solution of 1,5-dibromopentane (3.40 mL, 25.0 mmol, 1.3 eq.) in thf (20 mL) / toluene (5 mL) was added. Under continuous stirring overnight the mixture was slowly warmed to r. t. To quench the reaction, the mixture was poured into water (150 mL), and the aqueous layer was extracted three times with pentane (50 mL). After drying over MgSO 4 the crude product was purified by column chromatography (pentane/dichloromethane, 95/5). The product was obtained as an orange oil (1.29 g, 20 %). (5-Iodopentyl)ferrocene (11) (5-Bromopentyl)ferrocene (9) (793 mg, 2.37 mmol) was dissolved in acetone (30 mL), and subsequently sodium iodide (2.13 g, 14.2 mmol, 6 eq.) was added. After stirring overnight the solvent was removed in vacuo. The residual solid was dissolved in water and pentane (100 mL each). The layers were separated, and the aqueous layer was extracted three times with pentane (50 mL). The combined organic layers were dried using MgSO 4 , and the solvent was removed in vacuo. The crude product was filtered through silica gel (eluent: pentane). Finally, 11 was obtained as an orange oil after evaporation of the solvent (621 mg, 68 %). 68.8 (Cp), 68.3 (C2, C5), 67.5 (C3, C4) (8) (4-Bromopentyl)ferrocene (7) (600 mg, 1.88 mmol) was dissolved in 10 mL dimethylformamide. At 0 • C sodium acetylide (649 mg (18 weight-% slurry in xylene), 2.43 mmol, 1.3 eq.) was slowly added, and the mixture was stirred for 1 h. After complete conversion, monitored by TLC, 2.00 mL water was added. The solvent was removed in vacuo, and the residue was dissolved in water (40 mL) and pentane (30 mL). Layers were separated, and the aqueous layer was extracted three times with pentane (20 mL). After drying the solution over MgSO 4 , filtration through silica gel (pentane/toluene, 9/1) and evaporation of the solvent, the product was obtained as an orange oil (430 mg, 86 %). (Hept-6-ynyl)ferrocene (10) (5-Bromopentyl)ferrocene (9) (547 mg, 1.63 mmol) was dissolved in 20 mL dimethylformamide. At 0 • C sodium acetylide (610 mg (18 weight-% slurry in xylene), 2.29 mmol, 1.4 eq.) was slowly added, and the mixture was stirred for 1 h. After complete conversion, monitored by TLC, 20 mL of water and pentane were added. The layers were separated, and the aqueous layer was extracted three times with pentane (60 mL). After drying the combined solutions over MgSO 4 , filtration through silica gel (pentane/toluene, 9/1), and evaporation of the solvent, the product was obtained as an orange oil (290 mg, 64 %). 
1,12-Diferrocenyldodeca-5,7-diyne (4)
The terminal acetylene 8 (300 mg, 1.13 mmol) was dissolved in acetonitrile (15 mL), and copper acetate (1.62 g, 8.12 mmol, 7.2 eq.) was added. After refluxing the reaction mixture for 7 h the solvent was removed in vacuo. The remaining solid was directly submitted to column chromatography (silica gel, eluent: pentane/toluene, 8/2) to yield the diyne 4 (294 mg, 97 %) as a yellow solid. Single crystals suitable for the X-ray crystal structure determination were obtained by slow evaporation of a saturated solution of 4 in dichloromethane. 
1,12-Diferrocenyldodec-6-yne (3)
(6-Heptynyl)ferrocene (150 mg, 0.54 mmol) was dissolved in 15 mL thf at 0 • C and deprotonated by addition of n-butyllithium (0.37 mL of a 1.6 M solution in pentane, 0.54 mmol, 1 eq.). After 1 h a solution of 11 (205 mg, 0.54 mmol, 1 eq.) in 5 mL thf was added, and the mixture was stirred overnight while warming to r. t. The reaction was stopped by adding 50 mL water and 50 mL pentane. Layers were separated, and after extraction of the aqueous layer with pentane (2 × 50 mL) the combined organic layers were dried over MgSO 4 (12) The ferrocenylalkyne 3 (100 mg, 0.19 mmol) was dissolved in 15 mL diethyl ether. Subsequently, a solution of dicobaltoctacarbonyl (96.1 mg, 0.28 mmol, 1.5 eq.) in 10 mL ether was added. The reaction mixture was stirred overnight before the solvent was removed in vacuo. The crude product was dissolved again in 10 mL pentane and filtered through a short pack of silica gel (eluent: pentane/diethyl ether, 95/5). After removal of solvent 12 was obained as a dark solid (66.1 mg, 84 %). Single crystals suitable for the X-ray crystal structure determination were grown from a saturated solution of 12 in pentane at −30 • C. 1,12-Diferrocenyldodeca-5,7-diyne (4) (100 mg, 0.21 mmol) was dissolved in 20 mL diethyl ether and treated with dicobaltoctacarbonyl (160 mg, 0.46 mmol, 2.2 eq.). The reaction mixture was stirred overnight before the solvent was removed in vacuo. The crude product was submitted to column chromatography (silica gel, eluent: pentane/diethyl ether 95/5). After removing the solvent 13 (150 mg, 67 %) was obtained as a dark brown solid. Crystals suitable for the X-ray crystal structure determination were grown from a saturated solution of 13 in dichloromethane by slow evaporation of the solvent. 
